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Introduction
Shifting energy consumption from fossil sources to renewables is a key policy objective in many countries, including Germany. In 2016, Germany already attained a share of 29% of renewable energy sources in gross electricity generation while fossil energy sources still show a predominant share of 53.6% (hard coal 17.2%, lignite 23.1%, natural gas 12.4%, oil 0.9%) (BMWi 2017a) . Following the goals of the German government, the share of renewables shall rise up to 45% in 2025 (BMWi 2017a). For 2050, a share of 80% is targeted. To reach these ambitious goals, innovations leading to a substitution of fossil energy sources by renewables are crucial.
At first glance, regulations such as the German renewable energy law seem to be one of the most important determinants to introduce renewable energy innovations (see Gawel et al. 2014 , Frondel et al. 2010 ) but the importance of this nationwide law cannot explain the significant regional differences in renewable energy innovation activities.
In the innovation literature, regional spillovers (see Cantner et al. 2016) and tacit knowledge play a more and more important role whereas the growing literature on the determinants of eco-innovation widely neglects these effects. The present paper tries to assess the relevance of regional factors for innovation in renewable energy as an important subfield of ecoinnovation. We use a unique database combining three different sources. The main data source is the Community Innovation Survey (CIS) 2014 for Germany which contains detailed information on eco-innovation activities and their drivers, including innovations towards substituting fossil by renewable energy sources in a firm's process technologies. This firm-level database is matched with data on more than 1,400,000 renewable energy plants (solar, water, wind and biomass) and further regional indicators on the NUTS 3 level. These additional databases enlarge the already rich control variable set of the CIS by regional variables such as the greenness of a region and the existing capacities in the regional renewable energy production. Thus, we are able analysing if -besides "traditional" determinants such as environmental regulations or subsidies -the introduction of renewable energy innovations is also supported by regional spillover effects, the greenness of a region or the regional endowment with a green capital stock. Our econometric models assess the importance of these effects while controlling for the relevance of environmental policy measures, energy costs or the technological capabilities of a firm.
The paper is organised as follows. Section 2 describes the theoretical framework of the relevance of regional spillover effects on renewable energy innovations besides further potential determinants. Furthermore, the section contains an overview of the existing empirical literature. In Section 3.1, the database, descriptive statistics and the econometric estimation strategy are discussed. Section 3.2 presents the estimation results. Section 4 concludes and develops policy recommendations.
Determinants of Renewable Energy Innovations
Renewable energy innovations can be defined as process or organisational innovations leading to a substitution of fossil energy sources by renewable sources within firms. In most cases, this substitution is cost-intensive so that government subsidies or rising costs of fossil energy sources may be trigger factors (e.g. Horbach et al. 2012 , Grupp 1999 for renewable energy innovations. In addition, firms may be pushed to substitute fossil by renewable energy sources if regulation on emissions (e.g. CO2) becomes more stringent. While these factors usually affect all firms with a similar energy consumption pattern in the same way, substantial regional differences in renewable energy innovation can be observed in German regions (Länder). In general (Table 1) , the West German Länder are more eco-innovative compared to the East, especially Rhineland-Palatinate, Baden-Wurttemberg and Bavaria. The two lastmentioned Länder also show a disproportionally high stock of solar and biomass plants per capita whereas the wind plants are more concentrated in the Northeast of Germany because of geographical reasons. Brandenburg shows high solar, biomass and wind values but not so many innovative firms, the technologies they apply seem to be predominantly developed elsewhere. North Rhine-Westphalia is highly innovative but seems not to be specialised in renewable energy innovations. The main aim of this paper is to explain these regional differences and to identify regional determinants of eco-innovations in the field of renewable energy. Whereas the literature on the determinants of eco-innovation is growing fast (see e.g. Barbieri et al. 2016 for a recent overview), the inclusion of regional aspects still remains rare (see Antonioli et al. 2016 , Cantner et al. 2016 , Horbach 2014 . We argue that the regional factors play a prominent role in the diffusion of eco-innovations, particularly if a decentralised approach is followed. The decentralised approach rests on the conversion of energy from renewable sources into electricity or heat at the location of the energy users through small renewable energy facilities (photovoltaic cells, solar panels, biomass power plants, geothermal energy plants) or based on regional producer organisations (in the case of wind power) (Vona et al. 2012) . In contrast, the centralised approach rests on firms from the energy sector who convert their production units from fossil to renewable energy sources and distribute electricity (or other forms of energy) based on renewables to their customers.
Germany largely followed the decentralised way. In this approach, adopting renewable energy technologies by energy consuming firms is a major driver for the energy transition. As with other innovations, uncertainty about the technical feasibility and the market prospects as well as high innovation costs can act as barriers.
On the background of regional economics (Krugman 1991, Asheim and Gertler 2005 ) the role of regional spillover effects, tacit knowledge and regional technology endowments has to be analysed. Furthermore, the green orientation of a region may lead to path dependencies. The so-called diamond model of Porter (Porter 2000 , Eickelpasch et al. 2011 ) assumes that, firstly, the regional endowment with natural, human and capital resources, physical, administrative, informational, scientific and technological infrastructure, and the quality and the specialization of production factors determine the technological capabilities of a region. Furthermore, positive agglomeration effects result from the geographic proximity of (similar) firms, consumers and a fitting infrastructure (Eckey 2008) . They can be divided in localization and urbanization advantages. Localization advantages describe the positive external effects resulting from the proximity of firms of the same industry whereas urbanization advantages result from the existence of a high number of firms of different industries and from typical advantages of highly concentrated urban areas (e.g. more leisure and cultural opportunities and a higher product diversity) (Eckey 2008) . Audretsch (1998:1) states that "The spillover of knowledge from the firm or university creating that knowledge to a third-party firm is essential to innovative activity. Such knowledge spillovers tend to be spatially restricted". Asheim and Gertler (2005:291) even resume that "…the more knowledge-intensive the economic activity, the more geographically clustered it tends to be." The role of spatial proximity has been reinforced despite the increasing use of digital communication technologies because of the increasing importance of the so-called "…embedded tacit knowledge" (Asheim and Gertler 2005:292) . Transferring this tacit knowledge usually requires face-to-face interaction. Especially the diffusion of organisational innovations such as the re-organisation of production units can strongly profit from mutual learning and the exchange of experience within regions since the codification of the critical knowledge e.g. through patenting and the trade of these innovations through embodied technology is restricted. Firms that have successfully implemented renewable energy systems will provide a 'role model' and encourage other firms to follow. Antonioli et al. (2016:5) All in all, the technological spillovers resulting from already existing renewable energy plants, specialised firms and workforce connected with the green orientation of the region (higher reputation of the firm) help compensating for higher costs of renewables in the short run. Based on these arguments, we derive the following hypotheses:
H1: The endowment of a region with renewable energy plants triggers the substitution of fossil energy.
H2: Localisation effects are important for the diffusion of renewable energy innovations.
H3: The orientation of a region towards 'green issues' promotes the substitution of fossil energy by renewables.
Regional factors are of course not the only determinants for renewable energy innovation. The literature on eco-innovation has been stressing the role of regulation and energy costs (e.g. Horbach et al. 2012, Demirel and Kesidou 2012) . In addition, governments may provide subsidies for the adoption of renewable energy technologies, which naturally will increase their adoption. German has followed this approach with the Renewable Energy Sources Act (EEG).
This law aims "…to increase the proportion of electricity generated from renewable energy sources as a percentage of gross electricity consumption to 1. H4: Government regulation, government subsidies and high energy costs increase the propensity of firms to adopt renewable energy technologies.
Empirical studies on innovation in renewables
The determinants of eco-innovation (see also Barbieri et al. 2016 or Horbach 2015 as overviews) in general have been extensively analysed. In the following, we summarise the results for the main recent studies concentrating on the determinants of the introduction and diffusion of renewable energy innovations as a special field of eco-innovation.
In a recent analysis, Schleich et al. (2017) explore the determinants of wind power technologies in twelve OECD countries using patent counts. The stock of wind capacity, a country´s innovative capacity measured by the number of patents per capita and the legitimacy of wind technologies measured by the share of green party voters supports innovations in wind power technologies. Furthermore, a stable policy environment is important. Cantner et al. (2016) also use patent data to evaluate the influence of different policy instruments on technological change and efficiency gains in wind power and photovoltaics. The authors find significant differences between the driving forces of these renewable energy technologies. Whereas wind power is mostly driven by technology push instruments, demand pull seems to be more important for photovoltaics. Costantini et al. (2017) stress the point that a well-balanced policy mix of demand-pull and technology-push instruments is crucial for innovation in energy efficiency technologies. Noailly and Smeets (2016:5) analyse the role of financial constraints for the realization of renewable energy innovations. They find that innovative newcomers in the field of renewable energy are especially concerned by financial constraints "…not solely because they are younger and less mature than other established firms, but mainly because they focus on new clean technologies that are still perceived as more risky by investors than the incumbent technologies based on fossil-fuel electricity generation." Furthermore, Foster et al. (2017) point to the problem that the cost of fossil fuel power generation will respond to the increase use of renewables thus leading to a delay of its diffusion.
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Data, Estimation Strategy and Indicators
Our study is based on a unique data set for Germany combining the Community Innovation Survey (CIS) of the reference year 2014, regional data at the NUTS 3 level and data on 1,486,036 different renewable energy plants indicating the regionalised renewable energy capital stock. The CIS 2014 contained a separate module on eco-innovations. An ecoinnovation has been defined as follows: "An innovation with environmental benefits is a new or significantly improved product (good or service), process, organisational method or marketing method that creates environmental benefits compared to alternatives. The environmental benefits can be the primary objective of the innovation or a by-product of other objectives.
The environmental benefits of an innovation can occur during the production of a good or service, or during its consumption or use by the end user of a product. The end user can be an individual, another enterprise, the Government, etc." (Eurostat 2015:12) . The following contains a list of environmental benefits that an eco-innovation could have produced either within the firm or from the after-sale use of a product by the user for which surveyed firms should say whether this benefit has occurred or not. In addition, the survey asked firms whether any of these eco-innovations have been introduced in response to existing or expected environmental regulations, the availability of financial support by governments, demand from customers, or voluntary codes or industry agreements.
The German CIS 2014 covers 8,684 firms in mining and quarrying, manufacturing, energy and water supply, and a large number of service sectors. The response rate was 25% both for manufacturing and services which is in line with comparable non-mandatory surveys.
An analysis of the question on the determinants of all firms introducing renewable energy innovations shows that present regulations (27.5%) and rising energy costs (33.3%) are most important, the improvement of the reputation of the firm (18.1%) is also a highly relevant factor (Table 2) . An additional survey of a subsample of the firms that participated in the CIS 2014 (see Rammer et al. 2017 for details) shows further energy-related factors and barriers of the introduc-tion of renewable energy innovations (Table 3 ). The results show that high or fluctuating energy prices, taxes, regulations and public subsidies are especially relevant for renewable energy innovators. On the other side, complicated bureaucratic processes and a lack of political framework conditions are barriers for renewable energy innovations. Furthermore, the economic risk introducing renewables seems to be higher compared to all firms in the sample.
Estimation strategy
In a first step, we estimate the probability to introduce innovations that help substituting fossils by renewables compared to all other firms in the sample. In a second step, we restrict our sample to eco-innovators, only. This analysis aims at analysing the specificities of renewable energy innovations compared to other eco-innovation fields especially the role of regulation and cost-savings as motivation. Unfortunately, the data basis does not allow analysing the role of regulation for the whole sample because the regulation variable is only available for ecoinnovators.
In all models, regional variables at the NUTS 3 level are matched to the firm-level data of the CIS leading to possible intra-cluster correlation so that the standard errors using normal probit models would be too low. We use multilevel mixed effects probit models to account for this problem and probit models with clustered standard errors as a robustness check. As cluster size in our sample varies significantly from 1 to 725 firms in a cluster multilevel mixed effects models are the more adequate choice.
Our two-level mixed-effects probit regression contains both random and fixed effects. The 
Measurement of variables
A description of all model variables along with descriptive statistics is provided in the Appendix. Our dependent variable Renewable gets the value one if the firm has realised an innovation that led to a substitution of fossil energy sources by renewables.
The determinants of innovations in renewable energy considered in this paper are summarised in Agefirm gives the age of the firm in years. Family gets the value one if the firm is dominated by one family (at least more than a 50% share).
Estimation results
Firms substituting fossils by renewables compared to all firms
The results of both the probit model with clustered standard errors and the two-level mixed effects models (see Table 5 ) show significant effects of regional variables. A green orientation of a region (Sharegreen) seems supporting the willingness of firms to implement renewable energy technologies supporting our hypothesis H3 and the recent analysis of Schleich et al. (2017) . The share of green party voters may be interpreted as "…social acceptance of renew-able energy technologies" (Schleich et al. 2017:688) . Furthermore, a high share of solar and biomass (Solbiocapita) in the region is connected with a higher substitution of fossil energy within firms pointing to considerable regional spillover effects (Conti et al. 2017 ) and supporting H1. The firms seem to use existing regional experiences by learning from other firms (see Section 2) and capacities in renewables for their own substitution process of fossil fuels.
This result does not hold for water and wind power plants as these power plants are highly dependent on geographical conditions. Agglomeration in the sense of urbanization effects do not seem to be a pre-condition for renewable energy innovations within firms, the indicator population density (Popdens) is even significantly negative whereas localization effects measured by a high presence of similar firms in the region are significantly relevant for renewables (Secshare) supporting H2. We also estimated models where we controlled for the Energy intensity of the firm but, interestingly, the respective variable always remained insignificant. This may be due to the fact that energy intensive firms especially those having own power plants would have to realise high investment costs to change their energy mix. As the variable Energy intensity causes a drastic reduction of observations, we renounced including this insignificant variable.
The substitution process from fossils to renewables is highly driven by organisational innovations within a firm. The introduction of new methods organising business processes (Orgproc), new forms of labour organisation (Orgwork), new cooperation arrangements, the change of customer relationships and a better integration of suppliers (Orgcoop) help to realise renewable energy innovations. Concerning cooperation partners, energy innovative firms mostly rely on firms from the same group of companies (Coopown) as cooperation partners.
Bigger and family owned firms are more likely to introduce renewable energies (size, Family). The positive size-effect may be explained by the higher available resources to bear the costs of the introduction of renewable energy innovations. Family dominated firms might have a higher preference to improve their reputation and social responsibility. The realization of renewable energy innovations is furthermore supported by subsidies, especially from ministries such as the environmental ministry (Subsidies). 
Specificities of renewables compared to other eco-innovations
In a second step, we restrict our analysis to eco-innovators so that the variables on different eco-innovation determinants can also be exploited. This analysis helps to detect specificities of renewable energy innovations compared to other eco-innovation fields. In this model, we also controlled for the appropriation strategies of firms because they might influence the results of the variables describing the determinants. The results show (Table 6) 
Conclusions and Policy Implications
The transition from fossil to renewable energy in Germany aims at substituting the majority of fossil energy sources by renewables for the production of electricity. Up to now, hard coal and lignite still show a high share of about 40%. To reach the ambitious goal of 80% of renewables in 2050, innovation activities leading to an increase of the use of renewables are crucial. Following the respective literature, regulation activities and an adequate policy mix of technology push and demand pull measures are mainly responsible and necessary for the diffusion of renewable energy. Despite the fact that most of the relevant political measures in Germany such as the renewable energy law are nation-wide, the distribution of the renewable energy innovation activities is considerably different between regions. The present paper tries to assess the reasons for these regional disparities in the diffusion of renewable energy innovations. Our econometric analysis is based on a unique combination of three databases: The main source is firm level data from the Community Innovation Survey (CIS) 2014 for Germany. This database has been merged with regional data on the NUTS 3 level and data on nearly 1.5 million renewable energy plants (solar, biomass, gas, water and wind).
The results of our econometric analyses show that regional variables are highly relevant for the renewable energy innovation dynamics. A green orientation of a region measured by the share of green voters seems supporting the willingness of firms to implement renewable energy technologies. Furthermore, a high share of solar and biomass in the region is connected with a higher substitution of fossil energy within firms pointing to considerable regional spillover effects. The firms seem to use existing regional experiences ("tacit knowledge") and capacities in renewables for their own substitution process of fossil fuels. The substitution process from fossils to renewables is highly driven by organisational innovations within a firm.
The introduction of new methods organising business processes, new forms of labour organisation, new cooperation arrangements, the change of customer relationships and a better integration of suppliers help to realise renewable energy innovations.
Restricting our analysis to eco-innovators only helps to detect specificities of renewable energy innovations compared to other eco-innovation fields. The results show that present regulations and taxes are less important for renewables compared to other eco-innovations whereas the firms perceive a positive influence of expected future regulations on their renewable energy innovations. The improvement of the reputation of the firm is more important for renewable energy innovations compared to other eco-innovations. Rising energy costs seem to be a main motive to introduce renewables. Firms in regions with an already high amount of solar and biomass energy plants are more likely to substitute fossil energy by renewables.
All in all, the analysis shows that a green orientation and the existing capacities of renewables in a region matter and encourage more renewable energy innovations thus leading to path dependencies. Therefore, not only "hard" regulation measures such as the renewable energy law are relevant for the realization of renewable energy innovations but also soft instruments that strengthen the green orientation of a region supporting substitution processes from fossil to renewable energy. Measures that encourage the social and environmental responsibility of firm leaders and the environmental consciousness of the population of a region seem to be important for the diffusion of renewable energy innovations. 
